A new three-dimensionally preserved arthropod, Cinerocaris magnifica, from the Wenlock Series (Silurian) of Herefordshire, UK, is described and assigned to the Phyllocarida (Crustacea). The description and reconstruction are based on specimens that have been serially ground, reconstructed by computer and rendered in three dimensions as coloured virtual models. Cinerocaris magnifica displayed the tagmosis characteristic of phyllocarids, with eight thoracic and seven abdominal somites, terminating in a telson with furca. The remarkable preservation of the appendages makes this the earliest completely known malacostracan crustacean. Two pairs of antennae (the first with two flagella) were followed by a mandible and first maxilla, each with a slender palp-like ramus. The second maxilla consisted of a limb stem with endites and an endopod that tapered distally. There was no exopod. The thoracopods comprised a limb stem with six or seven endites, an arrangement previously known only in entomostracans, and an endopod with about five endites. Flap-like outer rami correspond to an exopod and epipods. The pleopods bore two long slender oar-blade-like rami. Cladistic analysis places C. magnifica as a plesion within the Echinocaridina. It provides critical evidence of the limb morphology of an early malacostracan, which will be important in understanding crustacean evolution.
INTRODUCTION
The Herefordshire Lagerstätte (Briggs et al. 1996) preserves a diverse fauna of small invertebrates from the Wenlock Series (ca. 425 Myr ago) of Herefordshire, UK. The fossils are preserved in early diagenetic carbonate concretions in a fine-grained volcanic ash (Orr et al. 2000a) . Complete decay of the soft tissues resulted in external moulds of the organisms, which record fine morphological detail, but this information is difficult to extract by conventional techniques. New methods have been developed that release the information by serial grinding and computer restoration (Sutton et al. 2001b) . The Herefordshire Lagerstätte has yielded a diversity of sponges, an aplacophoran-like mollusc Acaenoplax hayae (Sutton et al. 2001a) , several arthropods including Offacolus kingi-a stem-group chelicerate (Orr et al. 2000b; Sutton et al. 2002) and Colymbosathon ecplecticos-a myodocopid ostracode (Siveter et al. 2003) , Kenostrychus clementsi-a polychaete worm (Sutton et al. 2001c) , several echinoderms and a number of organisms whose affinities remain enigmatic. The new arthropod described here is relatively rare: the five known specimens represent ca. 0.6% of the fauna.
MATERIAL AND METHODS
The part and counterpart blocks containing a single specimen of Cinerocaris magnifica (OUM C.29566) were each cut in two with a 300 µm saw, and all four pieces were ground serially and digitally photographed at 30 µm intervals. The resulting datasets were used to generate three-dimensional computerized reconstructions, using the approach detailed in Sutton et al. (2001b) . The entire specimen was successfully reconstructed in this manner, except for the material lost in sawing (represented by the narrow gaps in the cephalic and telson regions; see figure 1a-c) and the extremities of the posterior pleopods. Prior to reconstruction the images were carefully edited to remove extraneous material, to resolve fossil-matrix ambiguities and to thicken thin structures such as the head shield slightly to ensure their continuity in the reconstruction (except in figure 2h , where unedited data were used to demonstrate thickened lineations in the head shield). Images were also colour coded manually to identify separate structures such as appendages, head shield and eyes. This refinement, also used by Sutton et al. (2002) , enables the computer to reconstruct each structure separately and to render them in different colours to aid visualization and to hide structures selectively when performing 'virtual dissections'. It is important to note that the exact point at which the colour changes where one structure meets another (e.g. an appendage and the body) is somewhat arbitrary, and it has not always been possible to maintain consistency. The virtual specimen was studied using pre-rendered video files, printed stereo pairs and a custom on-screen visualization system with stereo capabilities.
Specimens of Cinerocaris and datasets from serial grinding are housed in the University Museum of Natural History, Oxford (OUM). Order: Archaeostraca Claus, The most striking feature of this arthropod is the large 'bivalved' head shield. The body is divided into a head with five appendage-bearing somites, a thorax of eight appendage-bearing somites and an abdomen with seven somites, five appendage-bearing and two apodous, followed by a telson with furcal rami.
(a) Head shield
The head shield is folded medially and we refer to the two halves as valves (figures 1a-c and 2g). In lateral view (figure 1c) the fold is nearly straight, with some irregularity in the anterior third, which is probably a result of postmortem distortion. The valves are semielliptical in outline, and in OUM C.29566 they are 12.9 mm long, 4.1 mm high and 3.9 mm wide. The anterior margin of the valves is near normal to the fold at the apex; there is no middorsal plate nor rostrum. The anterior margin curves evenly into the ventral margin, which is gently convex. The fold projects posteriorly and slightly dorsally into a short spine (figures 1b,c and 2g). The posterior margin of the valves is near straight in lateral view, orientated near normal to the fold and curves relatively sharply into the ventral margin. The valves flex outward along the anterior and ventral margins and are thickened along the edge. A shallow groove runs along the perimeter of the valves (figure 2d,g).
In its anterior third, the head shield is slightly sunken dorsally, and in this region two short ridges run parallel to and flank the fold (figure 1b). This region corresponds to the attachment of the shield at the rear of the head, probably in the second maxillary somite. It is referred to here as a shield as opposed to a carapace as it does not appear to be fused to the anterior thoracic somites. Slight differential post-mortem distortion of the left and right flanks of the head shield makes the presence of further structures difficult to confirm. However, on both valves a broad groove runs posteriorly from a dorsolateral position near mid-length, curving ventrally and becoming less well defined towards the ventral margin (figures 1b,c and 2g). The fold is clearly evident in dorsal view in the anterior third and at the posterior extremity of the head shield; it is not apparent elsewhere.
In anterior view the valves form a 'V' where they meet at the fold, at an angle of ca. 45°(figure 2d ). In posterior view they form a 'U' (figure 2g). The maximum preserved gape at the rear is ca. 20% of the length of the fold. A very weak linear sculpture, sub-parallel to the fold, is evident anterior of the cephalic saw-cut in OUM C.29566 (figure 2h). These lineations consist of slight thickenings of the head shield, expressed most clearly internally, and fade out before intersecting the margin. They are spaced 0.2-0.3 mm apart, and there are ca. 10 on each side. No other sculpture is apparent, and there is no evidence of the attachment of an adductor muscle. Note that the fingerprint-like pattern formed by a series of apparent concentric scarps on the surface of the valves (e.g. figure 1c ) is an artefact of the reconstruction process.
(b) Head
The head bears a pair of large pedunculate eyes and two pairs of antennae (figures 1a-e and 2d,e). The eyes are tear-drop shaped, each projecting anteriorly and slightly abaxially beyond the head shield on a short narrow peduncle attached to the anterodorsalmost part of the head (figures 1d and 2e). The basal part of the first antenna, the peduncle, is shorter than the flagella. It is oval in crosssection proximally (with the long axis dorsoventral) but expands slightly distally to a circular cross-section. The more lateral of the two flagella is slightly longer than the medial-both are assumed to have been annulate. The second antenna is larger than the first. The limb stem is oval in cross-section (with the long axis horizontal) tapering slightly to the point at which the rami are attached. The more lateral of the two rami is a short slender flagellum. The medial ramus has a short broad base that tapers abruptly into a flagellum. Anterior of the second antenna the head tapers laterally and dorsoventrally (figures 1d and 2e). Divisions cannot be discerned with confidence in either antenna.
A pair of short slender structures that project forward between the second antennae represents the mandibular palp (figures 1a,d and 2b,e). The palp (endopod) is oval in cross-section, with the long axis dorsoventral. The proximal part of the mandible (?coxa) bears a number of short processes that project adaxially, meeting in the midline (figure 2b). It is difficult to distinguish the mandibular processes from the labrum, with which they are closely juxtaposed. Behind the mandible lies the first maxilla (figures 1a,d,e and 2a,e), which is similar. The endopod is slender and projects anteriorly, then curves sharply to run in a near dorsal direction until it abuts the head shield (figure 1d ). It is attached to the dorsal half of the distal part of the limb stem-presumably to the basis (figure 2a). The limb stem of the second maxilla (figures 1a,d,e and 2c,e) is broad and bears about four endites that do not meet in the midline. The endopod is similar to those of Table 1 . Coding of Cinerocaris magnifica according to the scheme of Rode & Lieberman (2002 fig. 5F ). The thoracopods are attached ventrolaterally. The articulations are not evident. The anteroposteriorly flattened limb stem bears six or seven sub-triangular median endites, and the long tapering distal part, the endopod, bears about five similar endites that may correspond to podomeres (figure 2e,i ). The thoracopods, in the flexed position in which they are preserved, extend just beyond the margin of the valves ventrally, more so in the anterior part of the thorax (figure 1c). They bear a series of overlapping flap-like structures that are completely enclosed by the head shield ( figure 1a,c) . The delicate nature and closely overlapping arrangement of these structures make their outline and disposition very difficult to determine. The fourth to eighth thoracic appendages of OUM C.29566 have been 'virtually dissected out' by removing all the surrounding material to reveal the arrangement of the rami. This demonstrated that these appendages are very similar in morphology, and a representative thoracopod (the fifth) has been reconstructed (figure 2e,i).
Three overlapping flap-like structures, sub-triangular in outline and elongate dorsoventrally, are attached to the limb stem of the thoracopod and extend dorsal of its articulation with the body. A further two flap-like structures, sub-oval in outline, extend ventral to these three, but they are so delicate that in each only the outer rim is preserved (the thin central area has been restored in figure  2e ). The outer/anteriormost of the ventral structures also preserves a thickened linear 'strut' running across its broadest part from a position slightly ventral to the attachment point. This ventral flap appears to share the most distal of the attachments to the limb with the outer/anteriormost dorsal flap, and, although they are not conjoined, these may be elements of the same structure. The inner/posteriormost dorsal and ventral flaps are joined and share a more proximal attachment to the limb. Between these lies a third triangular flap, with the most proximal attachment to the limb, which extends further dorsally and lacks a ventral counterpart. No setae are evident around the margins of these flap-like structures (such structures occur in modern leptostracans and are preserved in the fossil phyllocarid Nahecaris stuertzi ), but this may be a consequence of their delicate nature and low Proc. R. Soc. Lond. B (2004) preservation potential. The thoracopods diminish in size from the third thoracopod posteriorly, but appear similar in structure. The flap-like rami may be reduced or absent in the first thoracopod, and are reduced in thoracopods seven and eight (the structure of thoracopod eight may be different; it is difficult to determine which rami belong to it and which to the first pleopod). Establishing the homology of these appendage rami with those in other crustaceans is not straightforward, but they presumably represent some combination of exopod and epipods.
(d ) Abdomen and telson
The abdomen consists of seven somites (figures 1a,c and 2d,g). That part of it posterior to the mid-length of somite four extends beyond the head shield. The first five somites bear pleopods (figures 1a,c and 2d,e,g); the tergite of these somites extends ventrally beyond the flattened sternite (figures 1a and 2e). Somites six and seven are tubular in cross-section and lack appendages. The somites become longer posteriorly, but the seventh is not significantly longer than the rest.
The pleopods, like the thoracopods, are attached to the trunk ventrolaterally. They are long and narrow: the first two (on abdominal somites one and two) are similar in length; the remainder are incompletely restored, but may have decreased in length posteriorly. The larger (anterior) pleopods show the morphology most clearly. The limb stem bears two long slender oar-blade-like rami. The lateral margins of these rami are thickened, and the thinner material in the centre, at least distally, is not preserved. Their proximal morphology is not clear. The distal extremity of the first pleopod shows the outline of both rami, and the rami of the second pleopod are clearly evident overlapping each other (figure 2e,g). A series of spinose projections or setae ( figure 2d,g ) extends from the outer margin of the distal part. At least two additional flap-like structures, preserved only as curved rims, are associated with the base of the first pleopod (figures 1a and 2e) but are not evident on the more posterior ones. One of these flaps is larger than the other, is positioned lateral to the pleopod and appears to be attached laterally at its origin. The second flap is smaller, positioned posterior to the pleopod and is attached more distally than the first. Note that the close proximity of the appendages makes it very difficult to determine the origin of these poorly preserved structures, and the larger flap in particular might instead be part of the posteriormost thoracopod.
The telson tapers gradually to a point (figures 1a,c and 2d, f,g). Its lateral margin is slightly recessed (figure 2f ) and bears a series of six evenly spaced posterolaterally projecting spines, which become longer posteriorly. It is not clear whether or not these spines articulate with the telson. One or two small spines are evident just posterior to the larger ones and are aligned sub-parallel to the lateral margin of the telson. The telson is convex dorsally. Ventrally it is concave, with a low flat ridge along the midline, which bears two small ventrally directed spines near the anterior extremity. At the distal extremity, however, beyond the spines, it is convex. The furcal rami are slightly shorter than the telson and approximately half its width. They are attached ventrally, flanking the telson head (figure 2f ) (see Rolfe 1969, p. 304, fig. 126 ), the extent of which is poorly constrained owing to the position of the saw-cut and the likely position of the anus. The caudal rami are subtriangular in cross-section, tapering inward to a fine edge. They bear a series of closely spaced slender spines, ca. 13 in number, arising along the posterior half of the inner margin and directed posteromedially to posteriorly.
DISCUSSION (a) Affinities
Cinerocaris magnifica displays all the diagnostic characters of the Phyllocarida (Rolfe 1969 ): large bivalved head shield, thorax of eight somites, abdomen of seven somites plus telson, seventh somite apodous, and telson with unsegmented articulated furca. The relationship of the Proc. R. Soc. Lond. B (2004) Phyllocarida to the Eumalacostraca remains controversial. Schram (1986) placed them in the Phyllopoda. Schram & Hof (1998) grouped them with the Cephalocarida and Branchiopoda. The analysis of Wills (1998) placed the Phyllocarida (including Leptostraca) in a clade with the Cephalocarida, and not in opposition to the Eumalacostraca and Hoplocarida. However, a malacostracan affinity for the living Leptostraca continues to attract wide support (Walossek 1993; Olesen 1999; Richter & Scholtz 2001) based not least on embryological and 18s DNA sequence data (Dahl 1987; Spears & Abele 1998 Olesen & Walossek 2000) .
The phylogeny and taxonomy of phyllocarids is in urgent need of revision, but attempts to resolve interrelationships are frustrated by the limited number of characters, and a cladistic analysis of all phyllocarids is beyond the scope of this paper. Archaeostracan higher taxa are diagnosed on the basis of characters with a high fossilization potential: features of the head shield (with emphasis on the presence or absence of a rostrum and median plate) and of the abdomen and telson. Rolfe (1969) recognized two suborders: Ceratiocaridina and Rhinocaridina (names amended by Rode & Lieberman (2002) ), distinguished mainly by the presence of a median dorsal plate in the head shield of the latter.
The only published cladistic analysis of the interrelationships of the Archaeostraca is that of Rode & Lieberman (2002) . Although they considered only Devonian phyllocarids, their analysis included the families that range through the Silurian: Rhinocarididae, Ceratiocarididae and Aristozoidae. They confirmed that the suborder Ceratiocarina, as defined by Rolfe (1969) , is paraphyletic, and restricted this suborder to the family Ceratiocarididae alone. They elevated the Echinocaridina to a suborder characterized mainly by head-shield shape and by a free or absent rostrum. Unfortunately, however, many of the characters in the database of Rode & Lieberman (2002) are coded in an inappropriate way: when a character is absent variations in that character are also coded as absent rather than as query (see the discussion in Wills et al. (1998), pp. 45-47) . When the matrix is revised so that these absent characters are coded as query (i.e. treated as missing data), it becomes impractical to repeat the parsimony analysis of Rode & Lieberman (2002) , as the large number of queries quickly generates more trees than PAUP v. 3.1.1 (Swofford 1993) can handle. Instead, most-parsimonious trees were generated using the same settings as Rode & Lieberman (2002) , but with the MUL-PARS option turned off (i.e. generating at most one tree per replicate) and using 10 000 random addition replicates rather than 100 to compensate for this minimal form of search. With C. magnifica added to the matrix (table 1) , 1829 trees of 175 steps were obtained, yielding the strict consensus shown in figure 3. While this tree is less resolved than that of Rode & Lieberman (2002, fig. 1 ) and casts doubt on the monophyly of certain genera, it reproduces the clades Rhinocaridina and Echinocaridina. Cinerocaris magnifica, with its simple fold without a rostrum or anterior horn, constitutes a plesion within the clade Echinocaridina (figure 3). The third clade identified and elevated to subordinal status as the Pephricaridina by Rode & Lieberman (2002) occupies a basal position within the Echinocaridina in our analysis.
(b) Evolutionary significance
Cinerocaris magnifica provides a unique opportunity to compare an archaeostracan (Palaeozoic phyllocarid) with a Recent leptostracan. C. magnifica differs from the leptostracans in lacking a rostrum, a feature that is present in some phyllocarids. The first antenna of C. magnifica is biflagellate (as in Nahecaris stuertzi ), but it is uniflagellate in all non-malacostracan arthropods. It develops two flagella only at a late ontogenetic stage in Malacostraca and the 'biramous' appearance is an autapomorphy of this clade (Olesen & Walossek 2000) . In leptostracans the first antenna bears a scale. The second antenna, which bears a segmented endopod terminating in a flagellum, and an exopod, which is also flagellate, is characteristic of phyllocarids but not leptostracans, in which the second antenna is uniramous. In Eumalacostraca the exopod is a scale. The mandible and first maxilla of C. magnifica, which consist of a protopod and palp-like endopod, are remarkably similar in contrast to those in other crustaceans. The absence of an exopod on the second maxilla is unique among the Malacostraca (Richter & Scholtz 2001) .
The thoracopods of C. magnifica are similar to those of the Upper Cambrian 'Orsten' branchiopod Rehbachiella (Walossek 1993) in that the limb stem appears to be Proc. R. Soc. Lond. B (2004) elongate and fleshy and bears a series of endites. Although it is impossible to identify the coxa-basipod division, it is clear that this morphology is unknown in the Leptostraca and Eumalacostraca. It is, however, characteristic of the stem Entomostraca (Cephalocarida, Branchiopoda and Maxillopoda; Walossek 1999 ) and therefore may be plesiomorphic for malacostracans (D. Waloszek, personal communication) . A similar limb stem may have been present in other phyllocarids; the proximal parts of the appendages in N. stuertzi, the only other example that preserves details of the limbs, are obscured by the carapace (Bergströ m et al. 1987) . Flap-like exopod and epipods like those in C. magnifica have not been reported in other phyllocarids (but even N. stuertzi is incompletely known in this regard) and this arrangement is difficult to homologize with that of leptostracans or any other crustacean.
The abdomen of C. magnifica, like that of N. stuertzi, has five appendage-bearing somites and two apodous ones-in contrast to the leptostracans, which have six appendage-bearing somites and one apodous somite (Eumalacostraca lack a seventh abdominal somite). Walossek & Mü ller (1998) regarded the appendage-bearing somites as a second thoracic tagma and confined the abdomen to the single apodous somite. By this definition the archaeostracan abdomen differs from that of the Leptostraca, and the Malacostraca lack a true abdomen (Walossek 1999) . The telson of C. magnifica is very similar to that of Montecaris (see Rolfe 1969) . The 'supra-anal' extension is characteristic of archaeostracans, but the ventral extension that occurs in leptostracans and in Rehbachiella (Walossek 1993 ) is absent.
The morphology of C. magnifica will help to constrain models for the early evolution of limbs in the Crustacea (Walossek 1999) . It indicates, for example, that a long endite-bearing thoracopod limb stem, otherwise characteristic of stem Entomostraca, occurs in the Malacostraca.
(c) Mode of life
Little can be inferred about the mode of life of Cinerocaris. It appears well equipped for swimming (Vannier et al. 1997) and may have lived in the water column (perhaps reflected in its rarity). The abundant flaps on the thoracopods would have set up feeding and respiratory currents, perhaps transporting tiny organisms to the mouth region. The mandible is less prominent than that in many other phyllocarids. The endites of the first maxilla meet in the midline but those of the second maxilla do not. The second maxilla and thoracopods might have been used in manipulating food, but not in comminuting it nor in filtration as in Recent Leptostraca.
